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p97 belongs to the superfamily of AAA+ATPases and
is characterized by a tandem AAA module, an N-ter-
minal domain involved in substrate and cofactor in-
teractions, and a functionally important unstructured
C-terminal tail. The ATPase activity is controlled by
an intradomain communication within the same pro-
tomer and an interdomain communication between
neighboring protomers. Here, we present for the first
time crystal structures in which the physiologically
relevant p97 hexamer constitutes the content of the
asymmetric unit, namely in the apo state without
nucleotide in either the D1 or D2 module and in the
pre-activated state with ATPgS bound to both mod-
ules. The structures provide new mechanistic in-
sights into the interdomain communicationmediated
by conformational changes of the C terminus as well
as an intersubunit signaling network, which couples
the nucleotide state to the conformation of the cen-
tral putative substrate binding pore.
INTRODUCTION
p97 (also called VCP, valosin-containing protein, and Cdc48 in
yeasts) belongs to the AAA+ (ATPase associated with various
cellular activities) superfamily of proteins characterized by a
remarkable functional heterogeneity of its members (Erzberger
and Berger, 2006; Ogura and Wilkinson, 2001; Wendler et al.,
2012). AAA proteins couple chemical energy provided by ATP
hydrolysis to conformational changes, which are transduced
as mechanical forces exerted on a macromolecular substrate.
p97 is composed of two stacked hexameric rings formed by
two AAA modules (D1 and D2) with an N-terminal (N) domain
attached to the D1 ring (Davies et al., 2008; DeLaBarre and
Brunger, 2003; Huyton et al., 2003). With the help of a large va-
riety of cofactors, p97 participates in diverse biological functions
including ER-associated protein degradation, the general ubiq-
uitin proteasome system, and membrane fusion events (re-
viewed in Meyer et al., 2012; Wolf and Stolz, 2012).
Each AAA+ module consists of two domains (Figures 1A and
1B), an a/b AAA ATPase domain composed of a central five-
stranded parallel b sheet connected by five a helices (also called
the core or nucleotide binding domain) and a C-terminal four-he-
lix bundle (also called the lid domain) (reviewed in Wendler et al.,Structure 24, 122012). The Walker A and Walker B motifs are critical for nucleo-
tide binding and hydrolysis by coordinating the b- and g-phos-
phates of ATP and the magnesium ion. Of further importance is
the polar sensor 1 residue (either Thr or Asn) that participates
in hydrolysis by coordinating the attacking water in concert
with the Walker B residues. The conserved Glu in the Walker B
motif of most AAA+ ATPases can switch from an active to an
inactive conformation upon ATP binding (Glu-switch). In the
inactive, ATP bound state the Glu interacts with a polar or basic
residue, typically a conserved Asn on the b2 strand, and is only
released into the fully active ATPase configuration by substrate
binding. Another defining feature of AAA+ ATPases is the pres-
ence of one or more Arg residues at the end of helix a4. In the
active oligomer, these residues are located in proximity to the
g-phosphate of the bound ATP in the adjacent subunit. They
are often termed Arg fingers and are involved in the stabilization
of the transition state during ATP hydrolysis. The lid domain also
harbors a well-conserved Arg residue, the so-called sensor 2
motif that contacts the bound nucleotide; however, the Arg
finger, sensor 1, and sensor 2 residues are not conserved in all
members of the AAA+ superfamily. Furthermore, all hexameric
AAA+ proteins feature a central cavity or pore lined with sub-
strate-interacting loops.
Based on specific structural elements AAA proteins are
grouped into different clades, with p97 belonging to the AAA+
clade (Erzberger and Berger, 2006). Proteins of this clade are
structurally defined by the presence of a small helical insertion
between b-strand 2 and a-helix 2 within their AAA modules.
Furthermore, the generally conserved sensor 2 Arg in helix a7
is replaced by Ala and there is a short insertion within the Arg
finger region located in a4, usually separated by Pro and Gly,
leading to the occurrence of two conserved Arg residues (double
Argmotif, Rx2R). p97 can be further classified as amember of the
N-ethylmaleimide-sensitive fusion (NSF)/Cdc48/Pex family of
AAA+ proteins characterized by a tandem array of AAA+ mod-
ules (type II AAA+, D1 and D2 rings) and an N domain involved
in substrate and cofactor recognition. Members of this subfamily
are the NSF protein involved in vesicular transport processes,
Drg1 and Rix7 involved in ribosome biogenesis (Kressler et al.,
2012), and Pex1p and Pex6p involved in peroxisome biogenesis.
p97 family members contain an additional unstructured C-termi-
nal extension in the D2 module that is involved in cofactor inter-
actions, harbors phosphorylation sites that modulate cofactor
binding, and affects the ATPase activity by maintaining the
conformation of the D2 ring (Ewens et al., 2010; Niwa et al.,
2012). p97 and Rix7 family members harbor after helix a7 10-
to 30-residue-long insertions (post a7 insertion) of unknown
function. Another subfamily of the classical clade containing7–139, January 5, 2016 ª2016 Elsevier Ltd All rights reserved 127
Figure 1. The AAA+ Module
(A) The AAA+ D2 module (adopted from Wendler et al., 2012): the ATPase (ab) domain is colored gray, the C-terminal lid (a-helical) domain white, and the p97
C-terminal a helix dark gray; consensus sequences for each motif are given. Secondary structure elements are numbered in order of appearance from N to C
according to Wendler et al. (2012). Specific ATPase elements are indicated.
(B) Structure of the AAA+module of p97D2 (PDB: 3CF1; Davies et al., 2008). The two adjacent monomers are colored light and dark gray. All ATPase elements are
highlighted according to the color code in (A).
(C) Hexameric assembly of p97 (PDB: 3CF1; Davies et al., 2008). The three terminal helices are highlighted to indicate the sites of subsequent protein engineering.
ADP is shown in green in sphere representation.
See also Figures S1 and S2.tandemly arrayed AAA+ modules features the ClpABC chaper-
ones (Erzberger and Berger, 2006).
The ATPase activity of the type II AAA ATPase p97 is
controlled by intradomain communication within the same proto-
mer and interdomain communication between neighboring pro-
tomers; for example, it could be shown that nucleotide binding to
one ATPase domain is essential for the activity of the other
domain (Chou et al., 2014; Ye et al., 2003). Furthermore, ATP is
bound at the interface of two adjacent protomers, and a central
role for signal transmission between AAA modules has been as-
signed to the Arg finger that senses the nucleotide state of the
adjacent subunit (Ogura et al., 2004). The D1 and D2 rings nega-
tively cooperate with each other such that hydrolysis only occurs
in one domain at a time (Beuron et al., 2003), whereas within the
D2 ring the ATPase activity displays positive cooperativity
(DeLaBarre et al., 2006; Nishikori et al., 2011).
p97 has been crystallized in different nucleotide states, with
ADP always bound to D1 while D2 is empty (apo state), bound
to ADP, AMPPNP (pre-activated state), or ADP-AlFx (transition128 Structure 24, 127–139, January 5, 2016 ª2016 Elsevier Ltd All rigstate) (Davies et al., 2008; Huyton et al., 2003). However, due
to low resolution together with disorder mainly in the D2 module,
information on ATP binding/hydrolysis and the resulting confor-
mational changes is still quite limited. Here, we present crystal
structures of the p97 hexamer in its apo state with nucleotide
bound to neither the D1 nor the D2 module as well as in the
pre-activated state with ATPgS bound to both ATPase domains.
These structures provide new mechanistic insights into interdo-
main communication mediated by conformational changes of
the C terminus as well as an intersubunit signaling network,
which couples the nucleotide state to the conformation of the pu-
tative substrate binding central pore.
RESULTS
Crystal Structures of the p97 Hexamer
To obtain new functional insights into conformational changes
induced upon ATP binding and hydrolysis, and the resulting
signaling to the central putative substrate binding pore as wellhts reserved
Table 1. Data Collection and Refinement Statistics
Dloop-ATPgS a9-D4-apo a9-D4-ATPgS
Data Collection
Wavelength (A˚) 0.9797 0.9184 0.97625
Resolution (A˚) 49.18–3.30 (3.36–3.3) 49.13–4.20 (4.37–4.2) 49.05–3.80 (3.86–3.80)
Space group P212121 P212121 P1211
Cell dimensions
a, b, c (A˚) 140.3, 180.1, 255.6 137.7, 165.8, 244.0 182.7, 145.4, 251.4
a, b, g () 90, 90, 90 90, 90, 90 90, 109.8, 90
No. of molecules 6 6 12
Unique reflections 97,950 41,484 120,767
<I/s(I)> 10.8 (1.2) 7.3 (1.8) 8.0 (1.1)
Completeness (%) 100 (100) 99.9 (100) 98.9 (99.2)
Redundancy 7.5 (7.6) 6.7 (7.0) 5.8 (6.0)
Rsym 0.166 (1.702) 0.240 (1.104) 0.131 (1.688)
Rpim 0.097 (0.994) 0.149 (0.672) 0.087 (1.113)
CC1/2 0.997 (0.497) 0.992 (0.680) 0.997 (0.501)
Refinement Statistics
Resolution limits (A˚) 19.99-3.3 49.13-4.2 49.047-3.8
Rcryst (Rfree) 0.211 (0.249) 0.237 (0.302) 0.190 (0.254)
No. of reflections 97,378 41,413 120,615
No. of atoms
Protein (non-hydrogen) 34,041 32,717 69,306
Ligands 390 60 768
Solvent atoms 30 0 0
Rmsds
Bond lengths (A˚) 0.003 0.002 0.005
Bond angles () 0.718 0.597 1.004
Average B factor (A˚2) 126.1 180.1 180.6
Coordinate error (A˚) 0.43 0.67 0.57
Ramachandran statistics (%)
Favored 93.63 90.13 96.51
Allowed 5.23 8.41 2.98
Outliers 1.14 1.47 0.51
PDB ID 5C18 5C19 5C1A
Statistics for the highest-resolution shell are shown in parentheses.as the function of the unstructured C-terminal tail, we engineered
two different variants to improve the diffraction quality of p97
crystals and reduce the disorder of the D2module. Both mutants
crystallized in the space group P212121 with six monomers in the
asymmetric unit arranged into the physiologically relevant p97
hexamerwhile disrupting the dodecameric arrangement (Figures
S1 and S2) usually observed in the crystals:
(1) a9-D4 (N750D/R753D/M757D/Q760D), a quadruple
aspartate mutant designed to prevent dodecamer forma-
tion mediated by the C-terminal helix (a9), which contacts
the same helix of a symmetry-related molecule (Figures
1C and S1A). Crystals of the a9-D4 variant in the apo state
diffracted to 4.2 A˚. The structure was refined toRfree andR
values of 30.2% and 23.7%, respectively (Table 1). Unlike
in earlier structures, no co-purified ADP appears to beStructure 24, 127–bound to the D1 module, and hence both the D1 and D2
modules are nucleotide free. Residual difference density
close to the loop formed by the Walker A motif (P loop)
was modeled as a sulfate (Figure S1B). Since the purified
protein has a similar ATPase activity and contains similar
amounts of pre-bound ADP as the wild-type (wt) protein
(Figures S1C and S1D), it seems most likely that the
ADP has been replaced with sulfate from the mother
liquor during crystallization.
(2) D709-728 (Dloop), a deletion of the disordered insertion
linking helices a7 and a8 in the D2 module (Figure 1C).
Crystals of the Dloop variant co-crystallized with ATPgS
diffracted to 3.3 A˚. The structure was refined to Rfree
and R values of 24.9% and 21.1%, respectively (Table 1).
This structure is the first p97 structure with ATPgS bound
to both the D1 and D2 module. Although the purified139, January 5, 2016 ª2016 Elsevier Ltd All rights reserved 129
Figure 2. Nucleotide-Dependent Motions in
the D1/D2 Tandem and Functional and
Structural Characterization of the Post a7
Insertion
(A) Ribbon representation of domain-wise super-
positions of the Dloop-ATPgS structure (N in gold,
D1 in blue, D2 in red) and the apo a9-D4 structure
(N in gray, D1 in cyan, D2 in light orange). Left:
superposition of the D1 modules. Right: super-
position of the D2 modules.
(B) Ribbon representation of the overall structure
of the D2 module of p97 Dloop-ATPgS colored
from N (blue) to C (red). SIGMAA weighted Fo-Fc
omit electron density map of the post a7 insertion
region contoured at a root-mean-square deviation
(rmsd) of 3. See also Figure S3.
(C) ITC analysis of ADP and ATPgS binding to wt
p97 and the Dloop variant. See also Figure S4.variant contains co-purified ADP at a level similar to that
found in the wt protein, which typically is tightly bound
to the D1 domain and is difficult to replace (Davies
et al., 2005), it can be replaced by ATPgS.
The different nucleotide states are reflected in significant
conformational changes. A superposition of the structures in
the apo (a9-D4) and ATPgS bound state (Dloop) on either the
D1 or D2 domain revealed a significant rotation of about 14 of
the D2 and ND1 modules with respect to each other (Figure 2A),
which is mediated by the long flexible linker between the D1 and
D2 module.The Post a7 Insertion in the D2 Module Is Functionally
Important
The overall structure of the D2 module in the Dloop variant in the
presence of ATPgS revealed continuous electron density across
the deletion linking a7 and a8 (Figure 2B). Although no better res-
olution could be achieved compared with the highest-resolution
p97 structure, the electron density for the D2 module in this
structure is highly improved (Figure S3A) compared with the re-
ported structure in complex with AMPPNP and other nucleotide
states (Davies et al., 2008). A superposition with the wt protein in
different nucleotide states did not reveal significant structural
changes on either side of the deletion (Figure S3B). This is impor-
tant, since a7 constitutes part of the nucleotide binding site by
contacting the ribose of the ATPgS and, following a8, the poly-
peptide chain leads into the C-terminal helix (a9). To rule out
any effect on the catalytic activity, we analyzed the basal (without
substrate) ATPase activity of the mutant. Interestingly this130 Structure 24, 127–139, January 5, 2016 ª2016 Elsevier Ltd All rights reservedmutant only retains about 15% ATPase
activity compared with the wt (Fig-
ure S1D). To further investigate the mo-
lecular differences between the wt and
the Dloop variant, we analyzed their
ADP and ATPgS binding. ATPgS binding
to p97 is a complex event involving
several binding equilibria characterized
by different association constants. p97
has two binding sites, one in the D1 mod-ule and the other in the D2module. ADP/ATPgS binds to D1 with
a 10-fold higher affinity than D2 (Briggs et al., 2008; Chou et al.,
2014; Tang et al., 2010), which cannot be resolved in isothermal
titration calorimetry (ITC); therefore, the binding isotherm is
dominated by the binding event to D1. In addition, a sequential
binding mode whereby ATPgS binds first to the D1 module as
well as competition for pre-bound ADP need to be considered
for analysis. ITC analysis revealed that the binding of ADP is
not affected in the mutant (Figures 2C and S4). However, with
ATPgS the mutant displayed a significantly different binding
isotherm, which changed from monophasic to biphasic. In addi-
tion, a higher binding enthalpy DH and a steeper binding
isotherm, which is different from the sigmoidal binding isotherm
of the wt, might indicate a tighter ATPgS binding to D2. Despite
the absence of large structural changes, subtle changes in a7
and/or a8 may be translated to the D2 ATP binding pocket, lead-
ing to altered ATP binding that results in impaired ATP hydroly-
sis. Taken together, these data indicate an important function
of the a7 insertion in ATP hydrolysis.
The D2 ATPgS Binding Site of the p97 Dloop Variant
In all published p97 structures, the C-terminal tail starting at
amino acid 765 is disordered. In our structure, six additional res-
idues including the invariant R766 could be resolved (Figure 3A).
Interestingly, these amino acids bind to the cleft formed between
the ATPase and lid domains of the adjacent monomer, and R766
unexpectedly coordinates the ATPgS g-phosphate directly.
ATPgS in the D2 site is tightly bound and is stabilized by mul-
tiple van der Waals and electrostatic interactions (Figure 3B).
Contributing to the adenosine-binding pocket are residues
Figure 3. Structural and Functional Charac-
terization of the D2 ATPgS Binding Site of
the p97 Dloop Variant
(A) SIGMAA weighted Fo-Fc omit electron density
map of D2-bound ATPgS and of the p97 C-ter-
minal region contoured at an rmsd of 3. ATPgS
and the C terminus are shown in stick represen-
tation, colored according to atom type.
(B) SIGMAA weighted Fo-Fc omit electron density
map of ATPgS contoured at an rmsd of 3 with a
ribbon representation of the ATPgS binding site
located at the interface between two adjacent
monomers (colored light gray and green). Sur-
rounding residues and ATPgS are shown in stick
representation. Putative water molecules are
shown as red spheres and the Mg2+ as a gray
sphere. Dashed lines indicate possible hydrogen
bonds.
(C) Basal ATPase activity of wt p97 and variants
involved in ATP binding/hydrolysis. Error bars
denote the SD from the mean of at least three
independent experiments. The activities were
normalized to that of the wt.from the D1D2 linker, theWalker Amotif and the lid domain. Res-
idues contacting the a- and b-phosphates include the conserved
Walker A residues G521, G523, K524, and T525. The g-phos-
phate is stabilized by ionic interactions with the Mg2+-ion as
well as by hydrogen bonds with the sensor 1 residue N624 and
R766 from the C terminus of the adjacent subunit. The electron
density indicates that the Mg2+-ion is at the center of an octahe-
dral complex with two potential water molecules and four oxy-
gen ligands coming from the side chain of T525 and one from
each phosphate. Nevertheless, at this resolution hydrogen
bonds and similar interactions such as the coordination of the
Mg2+-ion should be considered putative.
This structure apparently represents the inactive/pre-acti-
vated state: E578 of the Walker B motif and the Arg finger
R635, which is thought to participate in catalysis by stabilizing
the transition state during ATP hydrolysis, are flipped away
from the g-phosphate and are engaged in a hydrogen bonding
network with residues from the adjacent monomer (R638,
D609). This network with a conserved aspartate residue (D609
in p97) was described to be involved in intersubunit signaling
(ISS) and was shown to play an essential role in the coordinated
ATP hydrolysis by adjacent monomers (Augustin et al., 2009).
An analysis of the basal ATPase activity revealed largely
reduced activities for variants of R635 and R638, the sensor 1
residue N624 and the Walker A residue K524 (Figure 3C) in
agreement with other studies (DeLaBarre et al., 2006; Nishikori
et al., 2011; Wang et al., 2005), but only a moderate effect for
the Walker B catalytic residue E578. Although the activities of
the E578Q variant from other organisms revealed only low activ-
ities (DeLaBarre et al., 2006; Nishikori et al., 2011; Song et al.,Structure 24, 127–139, January 5, 20162003), the activity reported here is in
good agreement with two recent studies
on human p97, and it has been proposed
that this variant increases the catalytic
activity of the D1 domain (Chou et al.,
2014; Tang and Xia, 2013). The Glu-switch residue K543, which is replaced by Asn or Thr in other
AAA+ ATPases as well as in the D1 module does not interact
with E578, although it is close in space. Unlike all other residues
involved in this ISS network, the K543A variant showed a 3-fold
enhanced basal ATPase activity (Figure 3C) with a 4-fold higher
kcat/KM, but no change in cooperativity (data not shown),
indicating an important role in signal transmission. Although
R766 is in direct contact with the g-phosphate, the R766A
variant and a mutant lacking the last 43 amino acids of the C ter-
minus both surprisingly showed only a slightly reduced activity
(Figure 3C).
Conformational Changes in the Central D2 Pore Upon
Nucleotide Binding
As part of the protein quality control system, p97 plays a critical
role in substrate protein remodeling within the ubiquitin-depen-
dent degradation pathway (reviewed in Meyer et al., 2012).
Currently it is unclear whether p97 translocates substrate pro-
teins through its entire central channel formed by the ring struc-
ture or whether substrates interact primarily with the D2 pore
(DeLaBarre et al., 2006). The channel is characterized by a nar-
row compartment in the D1 ring and a larger cavity in the D2
ring, separated by a constriction formed by the six side chains
of H317, the so-called His-gate (Figure 4A). A H317A variant ex-
hibited a dramatic switch from positive to anticooperative
behavior (DeLaBarre et al., 2006), and the authors suggested
that these side chains serve as an interaction nexus for the hex-
amer. H317 has also been proposed to coordinate a zinc mole-
cule in previous models (Davies et al., 2008), however, no ion is
present in our new structures. There are two layers of putativeª2016 Elsevier Ltd All rights reserved 131
Figure 4. Conformational Changes in the Central Pore Upon ATPgS Binding
(A) Molecular surface representation of the p97 channel viewed from the side. For clarity, two monomers have been omitted. The His-gate is shown in magenta.
Residues are colored as follows: Positively charged (R586, R599) blue, negatively charged (E544) red, and hydrophobic (W551, F552) yellow. Top: closed D2
conformation in the absence of nucleotide (a9-D4). Bottom: open D2 conformation in the presence of ATPgS (Dloop).
(B) Ribbon representation of the pore loop conformations in the absence of ATPgS (a9-D4, pore loop 1 in yellow and pore loop 2 in green) and in the presence of
ATPgS (Dloop, pore loop 1 in pale yellow and pore loop 2 in pale green). Dashed lines indicate disordered residues in pore loop 2 in the ATPgS bound state. See
also Figure S5.
(C) Detailed view of the apo state (a9-D4, left) and ATPgS state (Dloop, right), colored as in (B). Participating residues are shown in stick representation. Dashed
lines indicate putative hydrogen bonds.
(D) Basal ATPase activity of wt p97 and variants. Error bars denote the SD of at least three independent experiments. The activities were normalized to that
of the wt.substrate binding loops lining the D2 pore. The smaller pore loop
1 (insertion in helix a2, 549TMWFG553) is located at the top (Fig-
ures 4A and 4B) and the less conserved longer pore loop 2 (inser-
tion in helix a3, 585ARGGNIGDGGG595) at the bottom of the
channel. Although pore loops 1 can differ in length and sequence
in AAA proteins, they feature a conserved f-X-Gly (aromatic-hy-
drophobic-Gly, 551WFG553 in p97) tripeptide motif and are pro-
posed to share a common function in substrate translocation
(Hinnerwisch et al., 2005). Pore loop 2 and the ensuing helix
contain two strictly conserved arginines, R586 and R599, which
form a double ring near the entrance to the pore and have been
proposed to denature substrate proteins (DeLaBarre et al.,
2006).
Structural comparison of the ATPgS-bound (Dloop) and nucle-
otide-free (apo, a9-D4) structures revealed that the D2 pore132 Structure 24, 127–139, January 5, 2016 ª2016 Elsevier Ltd All rigloops are ordered in the apo structure, but disordered in the
presence of ATPgS, indicating that the conformation of the
pore loops is coupled to the nucleotide state (Figures 4B and
S5A). In the absence of nucleotide, when the pore is in a closed,
locked conformation, the side chains of E554 following pore
loop 1 and R599 following pore loop 2 project into the pore
creating an electrostatic environment (Figure S5A). The hydro-
phobic residues W551/F552 from pore loop 1 are in van der
Waals contact and are located at the periphery of the channel
to minimize their exposure to solvent. The conformation of the
loops is stabilized via several putative polar interactions (Fig-
ure 4C). R586 stabilizes pore loop 2 and R599 bridges two adja-
cent pore loops 1. Following ATPgS binding the pore is in an
open, dynamically released conformation, which is reflected in
a strong disorder of pore loop 2 (amino acids 588–592) and inhts reserved
Figure 5. Functional Characterization of
R766 and the C Terminus
(A) Steady-state kinetic analysis of the ATPase
activity of p97 wt and variants. The solid lines were
obtained by a least-squares fit to the Hill equation
and the kinetic parameters were calculated. The
dashed line represents a fit for the wt with nH fixed
to 1. See also Table S1.
(B) ATPgS binding of R766A, DC, K251T, and
K251T/R766A analyzed by ITC. See also Fig-
ure S6A.
(C) ATPgS binding of R766A and additional mu-
tants in the D2 module analyzed by ITC. See also
Figure S6B.
(D) Function of R766 as a sensor 2. Top: stick
representation of ATPgS and R766 with a stan-
dard sensor 2 Arg modeled at position 685. Bot-
tom: basal ATPase activity of wt p97 and variants.
Error bars denote the SD of at least three
independent experiments. The activities were
normalized to that of the wt.a general side-chain disorder of residues lining the pore. This is
coupled to large conformational changes of both putative sub-
strate binding loops. Pore loop 1 flips up toward the D1 ring
such that its hydrophobic residues are exposed to solvent
(Figures 4B, 4C, and S5A). Hence, during each cycle of ATP
hydrolysis the lining of the pore alternates between polar and hy-
drophobic. Mutating residues in the D2 pore, although far away
from the nucleotide binding pocket, resulted in decreased
ATPase activities (Figure 4D). Similar results have been reported
before (DeLaBarre et al., 2006) when it was also shown that D2
pore mutants affect the cooperativity of p97.
Function of the p97 C Terminus and R766
Our structural studies indicate an important role of the highly
conserved R766 in p97 catalysis. Surprisingly, the R766A variant
only slightly decreased the ATPase activity in the absence of
substrate, as also reflected in steady-state ATPase kinetics (Fig-
ure 5A and Table S1), which revealed a 2-fold reduction in the KM
and kcat/KM values and minor changes in cooperativity for the
R766A andDC variants compared with the wt. This clearly distin-
guishes R766 from the Arg fingers (R635 and R638) in the double
Arg motif that are catalytically essential.
To obtain further molecular details into the function of R766,
we analyzed the interaction of ADP and ATPgS by ITC. ADP
binding revealed KD values and stoichiometries for the R766A
and DC mutant similar to those of the wt (data not shown), indi-
cating that R766 is not involved in ADP binding as anticipated
from the structure. However, titration with ATPgS showed a
significantly steeper binding isotherm for the R766A and DC var-
iants, which is indicative of a tighter binding and/or lower stoichi-Structure 24, 127–139, January 5, 2016ometry (Figures 5B and S6A). Analysis of
other D2 residues involved in nucleotide
binding and/or hydrolysis (Arg fingers,
Walker A and B mutants, ISS, sensor 1)
for ATPgS binding showed, with the
exception of the Walker A mutant
(K524T), a similar binding isotherm as in
the R766A and DC variants (Figures 5Cand S6B). In these variants ATPgS binding is probably affected
in the adjacent subunit, whichmight explain the lower stoichiom-
etry observed with all mutants involved in catalysis. The R766A
mutant in a K251T background (Walker A mutant in the D1
domain), which prevents ATPgS binding to the D1 domain result-
ing in the R766A/K251T double mutant, bound ATPgS only very
weakly compared with the K251T variant (Figure 5B). These data
demonstrate that, albeit not being catalytically essential, R766 is
important for nucleotide binding and assists in catalysis.
The interactions of R766 with the g-phosphate could indicate
that this Arg substitutes for a sensor 2 Arg, which is found in other
AAA clades but is replaced by A685 in p97. In silico mutagenesis
(A685R) indicates that its guanidinium group would be in a posi-
tion similar to that of R766, leading to steric interference (Fig-
ure 5D). The sensor 2 mimicking A685R largely reduced the
ATPase activity, and a double mutant A685R/R766A completely
abolished activity. These data indicate that p97 does not func-
tion with a classical sensor 2 Arg, and suggest a regulatory rather
than a catalytic function for R766.
Differences between theD1 andD2ATPgSBinding Sites
of the p97 Dloop Variant
The reason why some AAA+ proteins are composed of a tandem
array of AAA+ modules is not known. In p97 the ATP binding
domains differ in their catalytic properties. In the D1 module
important structural elements that are present in D2 such as
the putative substrate binding loops, the post a7 insertion, and
the C-terminal extension are missing. Instead the N-terminal
substrate/cofactor binding domain is attached to D1. The D1
module binds ADP/ATPgS with much higher affinity than D2ª2016 Elsevier Ltd All rights reserved 133
Figure 6. Comparison of the D1 and D2
ATPgS Binding Sites of p97 Dloop
(A) Stick representation of a superposition of the
D1 (yellow) and D2 (light gray) ATPgS binding
sites. See also Figure S7.
(B) Basal ATPase activity of wt p97 and D1 variants
involved in ATP binding/hydrolysis. Error bars
denote the SD of at least three independent ex-
periments. The activities were normalized to that
of the wt.(Briggs et al., 2008; Chou et al., 2014; Tang et al., 2010). In
contrast to the D2 module, the nucleotide states in D1 are under
tight control, as shown for example by the presence of pre-
bound ADP found in 30%–50% of the D1 modules (Briggs
et al., 2008). All of this points toward a different function of the
D1 module.
A superposition of both nucleotide binding sites of p97 Dloop
revealed a high conservation of residues that are involved in
binding (Figure 6A). The major difference is in the region where
the adjacent subunit including the ISS network is located. The
side chain of the D1 Arg finger (R359) is more flexible compared
with its counterpart R635 in D2. It adopts a different conforma-
tion and does not participate in the hydrogen bonding network
involving R362, E305, and D333 (Figures S7A and S7B). Instead
R359 is, at least in some protomers, in close proximity to the
sensor 1 N348. This is probably due to the absence of a residue
corresponding to R766, allowing the observed side-chain flip
that would not be possible in the D2 module without interfering
with R766. Furthermore, in contrast to the double D2 Arg finger
635RPGR638 motif, this motif is changed to 359RFGR362 in the
D1 module. This exchange is unique to the p97 D1 module and
is not found in any other classical clade AAA+ protein. Based
on studies with IBMPFDmutants that show an altered intersubu-
nit communication, it has been proposed that the phenyl ring of
F360 undergoes conformational changes in accordance with the
type of nucleotide bound to D1 of the trans subunit in wt p97
(Tang and Xia, 2013). Indeed, in our structure F360 can adopt
two different side-chain conformations; the side chain is either
in close contact with the ribose or flipped away from the nucleo-
tide (Figure S7C).
Analysis of the basal ATPase activity (Figure 6B) of key
residues involved in D1 ATP binding/hydrolysis revealed a
similarly reduced activity as shown for the corresponding
residues in the D2 module, indicating that in human p97
the D1 domain, in addition to the D2 domain, acts as a func-
tional ATPase, which is in agreement with recent studies
(Chou et al., 2014). The activity of the Walker B mutant in D1
is slightly enhanced, indicating that ATP binding to D1 in-
creases the activity of D2, as stated before (Tang and Xia,134 Structure 24, 127–139, January 5, 2016 ª2016 Elsevier Ltd All rights reserved2013). Like the D2 module, D1 lacks a
classical sensor 2 Arg; instead the side
chain of F360 occupies this position.
The double mutant A409R/F360A com-
pletely abolished activity (data not
shown), supporting the proposed func-
tion of F360 in sensing the nucleotide
status of the trans subunit.In contrast to D2, D1 does not contain putative substrate-inter-
acting loops as insertions in helices a2 or a3, yet the D1 ATPase
activity is also controlled by an ISS, involving in this case R362/
E305/D333. Similar to D2, the Glu-switch residue N270 does not
interact with E305; however, it showed a largely reduced ATPase
activity in contrast to its counterpart in D2. The minimal ISS
observed in D1 (Figure S7A) suggests only a function in sensing
the nucleotide status of the trans monomer.
DISCUSSION
The data presented here show for the first time crystal structures
of p97 with identical nucleotide states in D1 and D2, namely the
apo state without nucleotide in either ATPase domain and the
pre-activated state with ATPgS bound to D1 and D2. Further-
more, both structures contain a p97 hexamer in the asymmetric
unit, and hence are not constrained by crystallographic symme-
try as in all previously published structures of full-length p97
(Davies et al., 2008; DeLaBarre and Brunger, 2003; Huyton
et al., 2003). Our structures complement the known structures
in the ADP and ADP-AlFx state, pre-activated state (AMPPNP),
and the apo state, all of which have ADP bound to the D1module
(Davies et al., 2008; DeLaBarre and Brunger, 2003; Huyton et al.,
2003).
It is well established that during ATP binding and hydrolysis,
p97 undergoes conformational changes that are transmitted
from the D2 module to the N domain (Noi et al., 2013; Pye
et al., 2006; Yeung et al., 2014), which is in agreement with the
significant ATP-induced inter-ring rotation observed in our crys-
tal structures. A recent study of p97 by high-speed atomic force
microscopy, which visualized repeated back and forward rota-
tional movements of the p97 ND1 ring upon ATP binding to the
D2 domain, suggests how the chemical energy stored in ATP
could be converted into mechanical energy required for the re-
modeling of substrates (Noi et al., 2013). Although it could be
shown that the N domains undergo conformational changes
and move from a position in plane (locked) to a position above
(flexible) the D1 module (Niwa et al., 2012), the N domains are
co-planar with the D1 module in our structures. One possible
Figure 7. Structural Comparison of Post a7
Insertions Found in p97 and Other AAA+
Family Members
Structures were superimposed on the D2 module
of p97 Dloop-ATPgS, colored light gray: a9-D4-
ATPgS (blue), Thermos thermophilus ClpB (PDB:
1QVR, purple) (Lee et al., 2003), Homo sapiens
cytoplasmic dynein 2 motor domain (PDB: 4RH7,
AAA4 domain, forest) (Schmidt et al., 2015),
Nicotiana tabacum rubisco activase (PDB: 3T15,
red) (Stotz et al., 2011).explanation would be that crystal contacts involving either N-N
or N-D2 contacts precluded conformational changes in the
N-domain orientation (Figure S2).
Earlier p97 structures revealed that the D2 pore is in a closed
conformation with bound ADP or the transition state analog
ADP-AlFx (Davies et al., 2008) and in an open conformation in
the apo state (Huyton et al., 2003) as well as the pre-activated
AMPPNP bound state (Davies et al., 2008), while our structures
show an open conformation for ATPgS-bound p97 Dloop and
a closed conformation for the apo state of p97 a9-D4. The con-
formations of both pore loops in the apo structure reported
here are identical to the published structures in the ADP and
ADP-AlFx states (Figure S5B). However, the published apo struc-
ture with an open pore is in conflict with our apo structure
containing a closed pore. The reason for this could be that the
original structure has been obtained after co-crystallization
with AMPPNP. Although the nucleotide could not be resolved
in the structure, it is conceivable that the described conforma-
tional changes leading to opening of the pore are induced by
the nucleotide. However, it is also possible that the bound ADP
in the D1 ring, which is absent in our structure, already induces
conformational changes.
While the fold of the lid domain of the AAA+ module, a four-
helix bundle composed of two helical hairpins, is conserved
in different AAA+ proteins, this domain tends to be the most
variable part of the ATPase module. Insertions similar to the
post a7 insertion in p97 have been found in several other AAA+
proteins (Figure 7). The Hsp100 family member ClpB, togetherStructure 24, 12with Hsp70, acts as a disaggregase, solubilizing and refolding
aggregated proteins (Oguchi et al., 2012; Seyffer et al., 2012).
ClpB contains at the position of p97 a7 and a8 an additional
so-called M domain, which forms a coiled-coil structure that
acts as a regulatory device to control both ClpB ATPase activity
and the Hsp70-dependent binding of aggregated proteins to the
ClpB pore. Likewise in the green-type rubisco activase (Hasse
et al., 2015; Stotz et al., 2011), the helix corresponding to a7 of
p97 is extended by ten residues followed by a short helical inser-
tion, which is connected to the following helix through a 16-res-
idue linker and has no contact with themain body of the a-helical
subdomain. It has been reported that this paddle-like structure
plays an important role in substrate recognition (Li et al., 2005).
Another example is the motor domain of dynein, where the cor-
responding helices in one of the subunits form a coiled-coil
structure, the so-called stalk, which mediates the interaction
with microtubules (Gleave et al., 2014). The structure of the
a9-D4 mutant with bound ATPgS revealed in at least one of the
protomers the complete structure of the post a7 insertion. Helix
a7 is elongated and is connected via a long flexible linker to helix
a8 and does not contact the remainder of the protein, and points
away from the D2 module (Figure 7). This insertion is highly
conserved in higher eukaryotes and is even longer by 12 resi-
dues in Cdc48. It is not found in D1, which is also lacking putative
substrate binding loops in its central cavity. The reduced ATPase
activity and a different ATPgS binding behavior of the Dloop
variant we observed indicate a function of these residues in sub-
strate binding and/or specificity.Figure 8. Conformational Changes in the
C terminus Upon ATPgS Binding
(A) Electrostatic potential (electropositive in blue,
electronegative in red contoured at ±10 kT) sur-
rounding the nucleotide binding pocket of the D2
module of p97 Dloop-ATPgS. ATPgS is shown in
stick representation. In the ATPgS bound state
(top) there is no back entrance, while omission of
the last six C-terminal residues (bottom) creates a
second access portal. See also Figure S8.
(B) Ribbon representation of a superposition of the
D2 modules in the apo (a9-D4, colored gray and
blue) and ATPgS bound states (Dloop, colored
gold and red).
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Figure 9. Regulation of ATP Hydrolysis by
an ISS
(A) Ribbon representation of the p97 hexamer
highlighting its central pore in the ATPgS state
(Dloop). Elements involved in signal transmission
from the D2 pore to the ATPgS binding site are
colored green (a3) and yellow (a2).
(B) Detailed view of the ISS network colored as in
(A). Ribbon representation with the transmonomer
in light gray and the cis monomer in dark gray.
Residues involved in the ISS and ATPgS are
shown in stick representation.
(C) Hydrogen bonding network around D609. Left:
ATPgS bound state (Dloop). Right: apo state (a9-
D4). Dashed lines indicate putative hydrogen
bonds.
(D) Model of the ISS and conformational changes
of the C terminus in the apo (a9-D4) and ATPgS
bound (Dloop) state.The unstructuredC terminus of p97 has been reported to play a
role in maintaining the conformation of the D2 module during the
ATPase cycle (Niwa et al., 2012). Our crystal structure of Dloop-
ATPgS revealed six additional residues after helix a9, including
R766 at the C terminus. This helix is kinked near L762, which al-
lows it to insert between the D2 ATPase and lid domains of the
trans monomer, and the side chain of R766 directly coordinates
the g-phosphate, leading to a closure of the D2 nucleotide bind-
ing site (Figure 8A). Interestingly, rubisco activase also contains a
flexible C-terminal segment that seems to mediate an intersubu-
nit allosteric regulation of its ATPase activity (Stotz et al., 2011).
Since the a9-D4 variant in the ATPgS bound state, which has
ATPase activity similar to that of the wt protein, also displayed
the same conformation for the C-terminal residues (Figure S8A)
and the ATPase activity of an Arg766-Dloop double variant is
only slightly reduced (Figure S8B), the conformation in the Dloop
variant does not result from its low ATPase activity. Interestingly,
in at least two protomers of the apo structure additional C-termi-
nal residues could be resolved, which, however, adopt a different
conformation whereby the C terminus, including R766, does not
point into the nucleotide binding site of the trans protomer (Fig-
ure 8B). Upon ATPgS binding the engagement of the C-terminal
R766 by ATPgS triggers large conformational changes of the D2
lid domain (Figure 8B). It is conceivable that a7, the sensor 2 helix,
with T688 being in close contact to the ATPgS ribose (Figure 3B),136 Structure 24, 127–139, January 5, 2016 ª2016 Elsevier Ltd All rights reserveddetects the nucleotide state and trans-
mits the signal via the functionally impor-
tant post a7 insertion to the C terminus.
Probably R766 is important for posi-
tioning the ATP g-phosphate in the pre-
activated state in a conformation suitable
for subsequent catalysis, and needs to
dissociate from the ATP during catalysis.
Subsequently the catalytically critical
R635 and the Walker B Glu, which are
both engaged in the ISS network, need
to rotate toward the g-phosphate.
The ISS pathway of other AAA+
ATPases has been shown to couple theconformation of the substrate translocating pore loop to the
nucleotide state of the cis subunit, which is then transmitted to
the trans subunit (Augustin et al., 2009; Biter et al., 2012). ATP
binding to the cis subunit thus inhibits the ATPase activity of
the trans monomer (Augustin et al., 2009). ATP hydrolysis abol-
ishes the inhibitory effect and allows for the subsequent hydroly-
sis of ATP in the trans monomer. In p97 the ATPase activity is
directly coupled to the D2 central pore via helices a2 and a3
that harbor as insertions the putative substrate-interacting loops
(Figures 9A and 9B). p97 has two cis-acting and one trans-acting
element involved in the ISS process. (1) Helix a2 leads into pore
loop 1 with the Glu-switch residue K543 in close proximity to
the ISS as well as the upstream part of helix a3 (a3a), with pore
loop 2 residue R586 and the Walker B E578 both acting in cis.
(2) The downstream part of helix a3 (a3b0), with pore loop 2 res-
idue R599 and the ISS D609 transmitting in trans. Helix a3, with
its putative substrate-interaction loop 2, thus acts both in cis
and trans. The conformation of the D2 pore loops is controlled
by the cis subunit that senses the nucleotide state of the trans
subunit through the Arg finger R635 and transmits this signal to
the ISS motif via D609. From there, the signal traverses to the
Walker B motif through helix a3 and pore loop 2, and to pore
loop 1 via helix a2. The conformation of pore loop 1 is coupled,
via interactions involving the conservedK543, to theATPgSbind-
ing site. While in the ATPgS bound state an intensive hydrogen
bonding network appears to be formed between the Rx2R motif,
D609 and E578, in the apo state, the two catalytically important
residues E578 and R635 as well as K543 change their conforma-
tion and are no longer in hydrogen bonding proximity of D609 and
R638 (Figure 9C). Our analysis of a K543A variant, which shows
an enhanced basal ATPase activity, suggests that K543 plays
an important role in the ISS by downregulating the basal
ATPase activity in the absence of substrate, thus ensuring that
ATP hydrolysis is activated only in the presence of a substrate.
It could be shown that nucleotide-induced conformational
changes in the D2 domain are transmitted to the D1 domain via
the highly flexible D1D2 linker of the adjacent monomer, in a
so-called interprotomer motion transmission (Huang et al.,
2012; Li et al., 2012). In accordancewith these studies, our struc-
tures revealed that the catalytically important G610 (Huang et al.,
2012), next to D609 of the ISS motif, is in close proximity to the
D1D2 linker of the adjacent monomer in the ATPgS bound state,
but not in the apo state. Hence, this signaling network is not only
crucial for sensing the nucleotide state in the trans subunit and
resetting the nucleotide cycle in the ring followingATPhydrolysis,
but is also essential for signal transmission from the D2 domain
via the D1 domain to the N-terminal effector domain.
Taken together, our results support a model (Figure 9D) in
which in the absence of ATP the central putative substrate bind-
ing pore is in a closed, locked conformation, which prevents
substrate binding. ATP binding then induces conformational
changes, leading to an opening of the D2 pore. An open pore
with flexible loops would allow p97 to accommodate substrates
of variable size. Subsequently, ATP hydrolysis leads to a closure
of the D2 pore accompanied by substrate release. Conforma-
tional changes during the catalytic cycle are transmitted via
conformational changes of the C terminus of p97, including
R766 and the ISS network.EXPERIMENTAL PROCEDURES
Cloning, Site-Directed Mutagenesis, Protein Expression and
Purification
The following constructs were used in this study: human p97 (amino acids
1–806); p97 Dloop (D709–728) was generated by PCR mutagenesis. For
site-directed mutagenesis the QuikChange II Site-Directed Mutagenesis Kit
from Agilent was used. The human UFD1 peptide (221GELGFRAFSGSGNRLD
GKKKG241) was purchased from Genscript. Protein expression and purifica-
tion was performed as described using metal-affinity and size-exclusion chro-
matography (Ha¨nzelmann et al., 2011). The purification protocol included
an additional anion-exchange chromatography step (Q-Sepharose FF, GE
Healthcare) using a buffer (100 mM HEPES [pH 7], 50 mM NaCl, and 5 mM
b-mercaptoethanol) and a linear NaCl gradient (0.05–500 mM).
Crystallization
For crystallization of p97 Dloop in complex with the UFD1 peptide, p97 Dloop
was incubated with ATPgS and the peptide at a molar ratio of 1:15:5 (0.1 mM
p97, 1.5 mM ATPgS, and 0.5 mM peptide) for 1 hr at 4C. Crystals were grown
at 20C by vapor diffusion in hanging drops containing equal volumes of pro-
tein in 10 mM HEPES (pH 8), 100 mM NaCl, 5 mMMgCl2 and 1 mM tris(2-car-
boxyethyl)phosphine, and a reservoir solution consisting of 6.5%–7% (w/v)
polyethylene glycol (PEG) 4000, 0.4–0.6 M potassium acetate, and 100 mM
2-(N-morpholino)ethanesulfonic acid (MES) (pH 5.75). For crystallization
of a9-D4 (8.5 mg/ml) the reservoir solution consisted of 12% (w/v) PEG
4000, 0.15 M (NH4)2SO4, and 100 mM MES (pH 6.5). For crystallization of
a9-D4-ATPgS (0.1 mM p97 and 1.5 mM ATPgS) the reservoir solution con-
sisted of 9%–9.5% (w/v) PEG 4000, 0.4–0.5 M Mg-acetate, and 100 mMStructure 24, 12Na-citrate (pH 5.6). Crystals ranging in size between 0.2 and 0.3 mm were ob-
tained within 1–2 weeks.
Data Collection and Structure Determination
Crystals were cryo-protected by soaking in mother liquor containing
increasing amounts (5%–30% [v/v]) of glycerol and flash-cooled in liquid nitro-
gen, and data collection was performed at 100 K. Data were collected at the
ESRF (beamlines BM30 and ID29) and BESSY (beamline 14.1) and processed
using XDS (Kabsch, 2010). For subsequent calculations, the CCP4 suite (Winn
et al., 2011) and Phenix (Adams et al., 2010) were utilized. Phases were ob-
tained by molecular replacement using Phaser (McCoy et al., 2007) searching
for two trimers (PDB: 3CF3; Davies et al., 2008). The structures were refined
with Phenix incorporating tight NCS restraints and TLS refinement in all cycles.
For initial modeling of the ATPgS-Mg2+, PDB: 4KO8 was used (Tang and Xia,
2013). Although co-crystallized with the UFD1 peptide, the peptide could not
be resolved in p97 Dloop. Due to disorder, residues 1–196 in chain D of the
a9-D4 structure were not included in the model.
In Vitro Binding Assays
ITC experiments were conducted as described by Ha¨nzelmann et al. (2011).
Protein samples were dialyzed against 50 mM Tris-HCl (pH 8), 50 mM KCl,
and 5 mM MgCl2 at 4
C overnight, and the same buffer was used to prepare
the nucleotide solutions. In all experiments, an 8- to 15-fold molar excess of
ADP or ATPgS was titrated into the sample cell containing 10–20 mM p97.
A volume of 10 ml of ligand was added at a time with a total number of 30 in-
jections. All experimentswere performed using a VP-ITC instrument (MicroCal,
GE Healthcare) at 25C.
ATPase Assay
ATPase activity was determined using the NADH-coupled ATPase assay
(Norby, 1988). Reactions were carried out in 96-well plates, and the absorption
at 340 nm was continually monitored with a FLUOstar Optima plate reader
(BMG Labtech) at 37C. The assay was performed in 50 mM Tris-HCl (pH
8.0), 50 mM KCl, 10 mM MgCl2, 5 mM DTT, 0.3 mM NADH, 2 mM phospho-
enolpyruvate, and 2 U each of pyruvate kinase and lactate dehydrogenase.
The total reaction volume was 110 ml and the assay was carried out with
3 mM ATP, using p97 wt and variants in a concentration range of 0.2–2 mM.
For steady-state kinetics the rate of ATP hydrolysis was calculated using an
extinction coefficient value of 6.22 mM1 cm1 for NADH. The steady-state
constants Vmax, KM, and n were obtained by fitting the progress curves to
the Hill equation, n = (Vmax[S])
n/(KM
n + [S]n), using Origin 9.0 (OriginLab). kcat
was calculated from the observed Vmax and the amount of protein added to
the reaction. The measurements were carried out in triplicate and with two
or three different protein batches.
Quantification of Bound Nucleotide by Heat Denaturation
Bound nucleotide was released by incubating 75 ml of 100 mM p97 at 100C
for 5 min as described by Briggs et al. (2008). The precipitated protein
was removed by centrifugation, and the concentration of the adenine
nucleotide in the supernatant was calculated from its absorbance at 260 nm
(ε = 15.4 mM1 cm1). The amount of released nucleotide was expressed as
the ratio of nucleotide per p97 monomer.
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